We measured hold-off voltages in typical pseudo spark discharge gaps for four different working gases: He, Ne, Ar, and N2. The effect of the cathode hole diameter on the hold-off characteristics was also investigated. In order to understand the present observations, a simple Monte Carlo simulation of electron and ion motions in the pseudo spark gap was carried out in He.
INTRODUCTION
J. Christiansen found a novel discharge mode realized in very low pressure (about 10Pa) with a pair of coaxial electrodes, each of which has a central hole and an almost screened hollow behind it.(1) Because the discharge has very high rate of current rise (>50A/ns) and a very thin and dense discharge path (<1mm diameter), it is expected as one of potential candidates for high-power plasma switches. The spark gap also generates confined and high-energy electron and ion beams through the anode and cathode (2) , respectively, and it is expected as a promising beam source for applications in material processing and high energy physics. Because of the novelty and possible wide applications of the pseudo spark discharge there are many experimental and theoretical studies on this discharge mode. Many of the important works are included in the recently published monograph on the pseudo spark discharges (3) . And detailed numerical simulations of the initial stage of the discharges were carried out recently by Boeuf and Pitchford and they identified the importance of the hollow cathode effect on the onset of this discharge mode (4) .
The hold-off voltage is one of the most fundamental characteristics of the pseudo spark discharge but intensive results on this characteristics have been rare so far. In the present study the hold-off voltage in typical pseudo spark gaps for four different working gases, He, Ne, Ar and N2 were measured as a function of the working gas pressure. The measurements were repeated for two different electrode hole diameters, 5 and 10mm. The present measurements indicated that the hold-off voltage gradually decreased as the pressure increased as the left-hand side of the Paschen curve does. But the present results showed that there was a clear plateau in the left-hand branch. The measured hold-off characteristics in helium was compared with the estimated hold-off voltages using a Monte Carlo simulation of motion of electrons and positive ions in the present configuration of the pseudo spark gap. The present simulation cannot give the hold-off voltage at the pressure lower than about 100Pa and that suggests that the further inclusion of collision processes between the fast neutrals and the background gas particles may be necessary, which are not included both in the present simulation and in that of Boeuf and Pitchford(4) .
EXPERIMENTAL METHODS AND RESULTS
The schematic diagram of the present spark gap is shown in Fig. 1 . The anode and cathode were, respectively, made of aluminum and Pyrex glass tube was used as the supporting insulators. The depth of the hollow behind each electrode is defined by mesh. The diameter and depth of the anode and cathode hollows are 30mm and 10mm respectively. The thickness of the anode and cathode is 5mm. The effect of the hole diameter, d, on the hold-off voltage was examined at two different diameters, 5mm and 10mm. The applied voltage from a stabilized high voltage source (5kV max.) volt/second) by using a PC. The hold-off voltage was determined as the applied voltage immediately before the voltage collapsed by a discharge. The variation of the holdoff voltage with repeating measurements was minimal. We measured the hold-off voltages for four different working gases: He, Ne, Ar, and N2. The gases used are of the highest purity available. The base pressure of the vacuum system The experimental hold-off voltages as a function of pressure of working gas in the discharge gap with the 5cm hole diameter are summarized in Fig. 2 . The present results indicate that there are sharp transitions of breakdown voltage from the lower pressure to the higher pressure regions in rare gases (He, Ne and Ar). In rare gases the hold-off voltage has a plateau in its left-hand branch. The plateau is apparent in Ne and He and is less apparent in Ar. Independent experiment showed that the plateau was more apparent in two-fold gap. In nitrogen, however, the hold-off voltage depends on the gas pressure rather monotonously. The holdoff voltage in He was the highest among the gases investigated in low pressure region, and Ar and. N2 had similar hold-off voltages. Fig. 3 shows the ionization cross sections for He, Ne, Ar and N2 by electron collisions(5) and this figure explains the dependence of the hold-off voltage on the gas species in low pressures. The larger the ionization cross section in higher energy region (>100eV), the lower the hold-off voltage in low gas pressure.
The hold-off voltage in N2 is the highest in high pressure and this can be explained by the fact that the nitrogen molecule has dominant inelastic collision processes (rotationnal and vibrational excitations by electron impact) which can absorb electron energy effectively. In Fig. 4 shown are the hold-off voltages measured in the gaps having different hole diameters, d=5 and 10mm. The larger diameter allows the further penetration of the main gap electric field into the hollow, and that favors ionization multiplication and reduces the hold-off voltage(3).
In the lower pressure region faint light emission was observed as the applied voltage approached to the hold-off voltage in all gases , and it is confined to the thin region (<1 mm) along the electrode axis.
MONTE CARLO SIMULATION AND RESULTS
In order to understand the observations described above, a simple Monte Carlo simulation of electron and ion motions in the present pseudo spark discharge gap with the hole diameter d=5mm in helium was carried out. Because of the working conditions of the pseudo spark gap (non-uniform electric field, low pressure, high voltage and short gap distance) it is natural to expect that electrons in the gap are in highly non-equilibrium condition and we have to be careful in assuming the local equilibrium approximation to analyze the phenomena. In these conditions the Monte Carlo method may be the most appropriate to the end. Since the space-charge should have little effects on the hold-off voltage, we can assume the static and space-charge free electric field.
The assumed electrode configuration was the same as used in the measurement (Fig. 5) and the potential at each 2D r-z grid point was calculated by the successive-over relaxation (SOR) method (6) . An appropriate number of initial electrons (typically 1000) were placed randomly in the cathode hollow and their 3D trajectories were followed after their starts with thermal speeds (T=300K was assumed). The electric field acting on each electron at the start of each flight is assumed to be an weighted sum of fields of the four surrounding grid points in the r-z plane (7) and to be the collision probability P=0.1. If an electron passes more than one grid boundary during its flight, P is reduced to one half and the trajectory calculation is repeated. After each flight an occurrence of collision, the type of collision if occurred and the new velocity are determined by generating uniform random numbers. All collisions are assumed isotropic. Electron collision processes of elastic momentum transfer (8) , electronic excitation(9) and ionization (5) are considered. The assumed set of the electron collision cross sections for the helium atom is summarized in Fig. 6 . neutral atoms were considered as well as the secondary electron emissions(11) from the cathode. The cross section set of the He+-He collisions are summarized in Fig. 7 . At each pressure the calculations were repeated by changing the main gap voltage in order to find the hold-off voltage in the following procedure. Each calculation was terminated either when all charged particles were absorbed in the electrodes (its maximum voltage is V1) or when the exponential growth with time of the number of the arriving charged particles at the cathode and anode was confirmed (its minimum voltage is V2) and the hold-off voltage was estimated to be found between the V1 and the V2. Fig. 8 shows typical temporal behavior of the numbers of electrons and ions arriving at the anode and cathode, respectively, and the number of the secondary electrons emitted from the cathode by positive ions in helium at 667Pa (5Torr). The vertical scale indicates the number of charged particles at each sampling time step (10-7 second) . At the applied voltage of 150V (a) all electrons and ions in the gap are absorbed by electrodes after several waves of avalanches, and at 180V the number of ions and electrons increases with time exponentially (b). Fig. 9 shows the similar behavior in helium at low pressure (133Pa). The temporal behavior of the charges in low pressure is much slower than that shown in Fig. 8 by orders of magnitude. the metastable particles generated by electron collisions and/or by the fast neutrals. The plateau observed in the lefthand branch of the hold-off voltage can be useful to identify working collision processes in pseudo spark discharge gap . We need further study on this point. The time-integrated electron density distribution in low pressure (133Pa) as a function of the radial distance is compared with that in high pressure (667Pa) in Fig. 11 . The distributions are normalized to 100 at the center. The density distribution in low pressure is confined in very thin region and the experimental observation of the thin light emission path is confirmed by the present simulation.
CONCLUSIONS
The hold-off voltages in typical pseudo spark discharge gaps with different hole diameter (5 and 10mm) were measured for four different working gases;. He, Ne, Ar, and N2. In rare gases the hold-off voltage has a plateau in its left hand branch. The dependence of the hold-off voltage on the gas species in low pressure should have a close relationship with their ionization cross sections in higher energy region.
The 3D Monte Carlo simulation of electrons and ions in the pseudo spark gap of the present experiment can predict the measured hold-off voltage fairly well in helium in the pressure range higher than 200Pa and that indicate the assumed collision processes are actually working mechanism in the pressure range. The results of the present simulation in the pressure range lower than 100Pa, on the other hand, indicate that additional charge multiplication processes must be included in order to explain the observed experimental results.
